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Background:Vibrio cholerae, the etiologic agent of cholera, secretes outermembrane vesicles (OMVs) that are internalized
into host cells.
Results: OMVs activate an inflammatory response in intestinal epithelial cells (ECs) via a NOD1-dependent pathway that
activates dendritic cells (DCs) and promotes T cell polarization toward Th2/Th17 responses.
Conclusion:OMVs stimulate EC-DC cross-talk in generating an inflammatory response.
Significance: Findings are important for the development of efficient vaccine strategies with OMVs.

Like other Gram-negative pathogens, Vibrio cholerae, the
causative agent of the diarrheal disease cholera, secretes outer
membrane vesicles (OMVs). OMVs are complex entities com-
posed of a subset of envelope lipid and protein components and
play a role in the delivery of effector molecules to host cells. We
previously showed that V. cholerae O395 cells secrete OMVs
that are internalized by host cells, but their role in pathogenesis
has not been well elucidated. In the present study, we evaluated
the interaction of OMVs with intestinal epithelial cells. These
vesicles induced expression of proinflammatory cytokines such
as IL-8 andGM-CSF and chemokines such asCCL2, CCL20, and
thymic stromal lymphopoietin in epithelial cells through activa-
tion of MAPK and NF-�B pathways in NOD1-dependent man-
ner. Epithelial cells stimulated with OMVs activated dendritic
cells (DCs) in a direct co-culture system. Activated DCs
expressed high levels of co-stimulatory molecules; released
inflammatory cytokines IL-1�, IL-6, TNF-�, and IL-23 and
chemokines CCL22 and CCL17; and subsequently primed
CD4� T cells leading to IL-4, IL-13, and IL-17 expression. These
results suggest that V. cholerae O395 OMVs modulate the epi-
thelial proinflammatory response and activate DCs, which pro-
mote T cell polarization toward an inflammatory Th2/Th17
response.

Vibrio cholerae is a Gram-negative bacterium that causes the
diarrheal disease cholera in humans. This organism colonizes
human small intestine and produces a potent enterotoxin
called cholera toxin, which is primarily responsible for the diar-

rheal syndromes (1). Cholera is considered a prototypical non-
inflammatory toxigenic diarrhea. However, acute V. cholerae
O1 infection triggers mucosal innate immune responses with
infiltration of neutrophils, degranulation of mast cells and
eosinophils, and expression of proinflammatory cytokines (2).
In addition, in vivo studies suggest significant up-regulation of
proinflammatory molecules and inflammatory cells in the duo-
denal tissue of cholera patients (3). At the molecular level, the
pathogenesis of cholera is a multifactorial process and involves
several genes encoding virulence factors that aid the pathogen
in its colonization, coordinated expression of virulence factors,
and toxin action (4). Previously our laboratory has reported that
in V. cholerae several bacterial factors are involved in up-regu-
lation of cytokines that recruit different immune cells at the
mucosal surface and trigger an inflammatory response (5, 6).
We further characterized this strain and found that it produced
outer membrane vesicles (OMVs)3 (7). OMVs produced by a
wide variety of Gram-negative bacteria are spherical nano-
structures (20–250 nm) and contain not only components of
the outer membrane such as LPS, outer membrane proteins,
and phospholipids but also periplasmic proteins and pepti-
doglycan given that OMVs can entrap parts of the underlying
bacterial periplasm (8).Thus, OMVs are heterogeneous com-
plexes of pathogen-associated molecular patterns (PAMPs)
such as LPS, peptidoglycan, flagellin, and CpG DNA as well as
other outer membrane proteins, virulence factors, or immuno-
modulatory compounds that are important for pathogenesis
(9). Several studies have demonstrated thatOMVs play a role as
protective transport vesicles, delivering toxins, enzymes, and
DNA to eukaryotic cells (8). Furthermore, different studies
have provided evidence that OMVs have a potential role to
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trigger the innate inflammatory response. OMVs ofHelicobac-
ter pylori and Pseudomonas aeruginosa have been shown to
elicit IL-8 production by epithelial cells (10, 11).
The pathogen recognition receptors (PRRs) in the host rec-

ognize a vast array of PAMPs, and the recognition of Gram-
negative bacteria by PRRs is mediated primarily by Toll-like
receptor (TLRs) (12). It has been reported that V. cholerae
induces inflammatory response recognition through TLR5 (6)
and TLR4 signaling pathways (13). In addition to TLRs that
recognize bacterial ligands at the plasma membrane and lumi-
nal side of intracellular vesicles, a family of proteins called
nucleotide-binding oligomerization domain (NOD), sense bac-
terial peptidoglycan (PG) in the cytosol. Upon recognition of its
bacterial ligand, NOD induces activation of mitogen-activated
protein kinase and NF-�B signaling pathways that are involved
in cellular responses against bacteria by releasing cytokines and
chemokines that recruit and activate immune inflammatory
cells (14). It was recently revealed that OMVs fromH. pylori, P.
aeruginosa, and Neisseria gonorrhea harbor PG with NOD1
agonist activity (15). Thus, we speculated that this intracellular
NOD receptor might play an important role in recognition of
O395 OMV to induce an inflammatory response.
The intestinal dendritic cells (DCs) are located throughout

intestinal lamina propria as immature cells, and DCs are
recruited to the microbial site of infection by chemokines and
induce an inflammatory response (16). Epithelial cells (ECs)
were found to actively influence DC functions in bacterial han-
dling across epithelial monolayers (17). Several reports have
shown that bacteria have the ability to elicit a characteristic
cytokine response in an in vitro co-culture model of epithelial
cell and dendritic cell interaction (18). Upon activation by
inflammatory mediators across EC monolayers, DCs undergo
maturation, which is associated with high surface expression of
co-stimulatorymolecules as well as different secreted immuno-
modulatory cytokines that drives the naïve T cells into Th1 or
Th2 cells. In addition to Th1 or Th2 cells, DCs have also been
implicated in the promotion of Th17 cells. Th17 cells are a
distinct population of CD4� T cells that secrete IL-17 and have
been associated with chronic inflammatory conditions such as
rheumatoid arthritis (19) and multiple sclerosis (20). In addi-
tion, IL-17 proinflammatory function leading to IL-8 stimula-
tion raises the possibility that IL-17 may play a role during bac-
terial infections (21). IL-23, a heterodimeric cytokine that
consists of a p19 subunit specific for IL-23 and the p40 subunit
of IL-12 (22), has been shown to play a significant role in the
maintenance of Th17 cells (23). Recently, we have reported that
V. cholerae stimulated EC-DC cross-talk and induced CD4� T
cells to differentiate into inflammatory Th2 cells (24). Several
reports have been published about the inflammatory response of
V. cholerae O395 strains, but it is not known how O395 OMVs
interact with the host. Therefore, it is of interest to evaluate
whether OMVs canmodulate DC function through the epithelial
barrier, which is important for the activation of T cells.
We previously reported that cholera toxin is associated with

V. cholerae OMVs, which are internalized into intestinal epi-
thelial cells (7). In this study, we demonstrated that OMVs
induce an inflammatory response in intestinal epithelial cells in
a NOD1-dependent manner and produce different cytokines

and chemokines that recruit dendritic cells, leading subse-
quently to a predominant Th2 and Th17 response.

EXPERIMENTAL PROCEDURES

Bacterial Strain and Growth Conditions

The streptomycin-resistant V. cholerae O395 (O1 classical,
Ogawa, cholera toxin-positive) strain used in the present study
was maintained at�70 °C in Luria-Bertani medium containing
20% (v/v) glycerol and grown in LB medium with 1 mg/ml
streptomycin (Sigma-Aldrich) at 37 °C.

Epithelial Cell Culture

Int407, HEK293, and HT29 cells (National Center for Cell
Sciences, Pune, India) were grown in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen) containing penicillin/
streptomycin and gentamycin in the presence of 5% CO2 at
37 °C. Cells were seeded and maintained in T-25 tissue culture
flasks (Falcon, BD Biosciences). Medium was removed from
confluent cell layers, cells were washedwith PBS, freshmedium
without antibiotic was added, and cells were incubated with V.
choleraeO395OMV (50�g/ml) orwith 50�g/ml iE-DAP (�-D-
glutamyl-meso-diaminopimelic acid; InvivoGen) as a cognate
elicitor of NOD1 for the stipulated time periods. Cells desig-
nated as non-infected controls were also replenished with fresh
medium.

Isolation of Outer Membrane Vesicles

The vesicles were isolated from late exponential phase (8 h)
V. cholerae cultures using the procedure described earlier (7).
Briefly, cells from a 1-liter culture were harvested by centrifu-
gation (4500� g, 15min, 4 °C), and the supernatantwas filtered
through 0.45-�m-pore size membrane (Millipore) to remove
residual cells. An aliquot of the filtrate was tested for the pres-
ence of viable V. cholerae cells on LB agar. In all cases, no colo-
nies were detected. Protease inhibitormixture (Sigma-Aldrich)
was then added to the filtrate to prevent protein degradation,
and the filtrate was kept at 4 °C. Vesicles were recovered by
ultracentrifugation (140,000 � g, 4 h, 4 °C) using a Sorvall
T-865 rotor, washed with 0.1 M phosphate-buffered saline
(PBS), and suspended in PBS. The protein concentration was
determined using Bradford reagent (Bio-Rad). OMVs were
stored at �80 °C and used within a week.

Cytotoxicity Assay by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT)

Int407, HEK293, and HT29 cells were seeded in 96-well
plates and cultured as described above until confluence. Cells
were then incubated with various concentrations of OMV and
incubated in the presence of 5% CO2 at 37 °C for 48 h. Medium
was removed, and the cells were washed with PBS followed by
addition of fresh medium without antibiotic. For the MTT
(Sigma) assay,MTT reagent was added to each well of a 96-well
plate containing treated or untreated cells and incubated at
37 °C in 5% CO2 for 3 h. The reaction was stopped with the
addition of the solubilization reagent DMSO (Sigma-Aldrich).
The absorbance of the samples was then measured with an
ELISA plate reader (EMax molecular filter plate) at 550 nm.
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RNA Extraction and cDNA Preparation

Total RNAwas harvested from cells using an RneasyMini kit
(Qiagen Inc., Valencia, CA). For cDNA preparation, 5 �g of
RNA was treated with RNase-free DNase (Invitrogen) in a
10-�l volume according to themanufacturer’s protocol. For the
reverse transcription reaction, 2 �l of DNase-treated RNA was
reverse transcribed using the SuperScriptTM First-Strand Syn-
thesis System (Invitrogen) with 0.50 �g of oligo(dT)12–18 in a
total volumeof 20�l. The cDNAsynthesiswas done at 42 °C for
50 min following the manufacturer’s instructions.

Semiquantitative Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

In semiquantitative RT-PCRs, about 2 �l of cDNAwas PCR-
amplified in a 30-�l reaction volume containing 10 mM Tris-
HCl (pH 8.3), 50 mM KCl, 1.5–2.5 mM MgCl2, a 0.26 mM con-
centration of each dNTP, and 25 pmol of each primer as
described earlier (5). The annealing temperature and product
size of all the genes are listed in Table 1. For each cytokine and
chemokine gene, the primerswere designed using Primer3 soft-
ware. To determine the cytokine and chemokine gene expres-
sion, reactions were heat-denatured for 5min at 95 °C and then
amplified with 35 PCR cycles, each comprising successive incu-
bations at 95 °C for 30 s and annealing at 52–72 °C (given for
each respective gene in Table 1) for 1 min and at 72 °C for 30 s.

A further extension stepwas done at 72 °C for 7min. PCRswere
normalized by analysis of expression of the gene encoding glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). Amplicons
were identified by ethidium bromide staining of agarose gels.

Small Interfering RNA (siRNA) Knockdown

Gene silencing of NOD1 by siRNA was performed by trans-
fection of siRNA (Santa Cruz Biotechnology) according to the
manufacturer’s instructions using Lipofectamine 2000 (Invit-
rogen). HEK293 cells were seeded in 24-well plates at 24 h prior
to siRNA transfection.At 72h after siRNA treatment, cellswere
stimulated as indicated.

Reporter Assays

For transient transfection, HEK293 cells were seeded at a
density of 70% without fetal bovine serum and antibiotics. The
following day, cells were transfected with 1 �g of plasmid DNA
containing NF-�B-driven (nuclear factor) luciferase reporter
gene (Stratagene) using Lipofectamine 2000 transfection rea-
gent (Invitrogen) according to the manufacturer’s instructions.
At 48 h post-transfection, cells were stimulated for 3 h with
O395 OMV. The results are expressed as NF-�B-luciferase units.
The cells were then lysed in luciferase lysis buffer (Promega,Mad-
ison, WI), and luminescence was measured as relative luciferase
units in a luminometer (Junior LB9505, Berthold, Germany).

TABLE 1
Primer sequences used in RT-PCR for the genes mentioned below

Gene (protein) Primers Product size Annealing temperature

bp °C
IL8 (IL-8) F 5�-ATGACTTCCAAGCTGGCCGTGGCT-3 289 60

R 5�-TCTCAGCCCTCTTCAAAAACTTCTC-3�
CSF2 (GM-CSF) F 5�-ACACTGCTGAGATGAATGAAACAGTAG-3� 286 55

R 5�-TGGACTGGCTCCCAGCAGTCAAAGGGGATG-3�
CCL2 (CCL2) F 5�-CCCCAGTCACCTGCTGTTAT-3� 173 55

R 5�-TGGAATCCTGAACCCACTTC-3�
CCL20 (CCL20) F 5�-GCAAGCAACTTTGACTGCT-3� 150 54

R 5�-ATTTGCGCACACAGACAACT-3�
TSLP (TSLP) F 5�-CCCAGGCTATTCGGAAACTCAG-3� 116 52

R 5�-CGCCACAATCCTTGTAATTGTG-3�
CCL3 (CCL3) F 5�-TGCAACCAGTTCTCTGCATC-3� 198 55

R 5�-TTTCTGGACCCACTCCTCAC-3�
CCL4 (CCL4) F 5�-AAGCTCTGCGTGACTGTCC-3� 211 56

R 5�-GCTTGCTTCTTTTGGTTTGG-3�
CCL19 (CCL19) F 5�-ATCCCTGGGTACATCGTGAG-3� 172 56

R 5�-GCTTCATCTTGGCTGAGGTC-3�
IL6 (IL-6) F 5�-CCTTCCAAAGATGGCTGAAA-3� 230 60

R 5�-CAGGGGTGGTTATTGCATCT-3�
IL1B (IL-1�) F 5�-AAACAGATGAAGTGCTCCTTCCAGG-3� 388 60

R 5�-TGGAGAACACCACTTGTTGCTCCA-3�
TNFA (TNF-�) F 5�-CGGGACGTGGAGCTGGCCGAGGAG-3� 355 72

R 5�-CACCAGCTGGTTATCTCTCAGCTC-3�
CCL17 (CCL17) F 5�-CTTCTCTGCAGCACATCCAC-3� 163 57

R 5�-CTGCCCTGCACAGTTACAAA-3�
CCL22 (CCL22) F 5�-ACTGCACTCCTGGTTGTCCT-3� 217 52

R 5�-CGGCACAGATCTCCTTATCC-3�
IL12B (IL-12p40) F 5�-ATGTCGTAGAATTGGATTGGTATCCG-3� 358 65

R 5�-GTACTGATTGTCGTCAGCCACCAGC-3�
IL23A (IL-12p19) F 5�-TTCCCCATATCCAGTGTGGAG-3� 151 55

R 5�-TCAGGGAGCAGAGAAGGCTC-3�
IL12A (IL-12p35) F 5�-TTCACCACTCCCAAAACCTGC-3� 225 58

R 5�-GAGGCCAGGCAACTCCCATTA G-3�
IL17A (IL-17) F 5�-ACCAATCCCAAAAGGTCCTC-3� 280 58

R 5�-GGGGACAGAGTTCATGTGGT-3�
NOD1 (NOD1) F 5�-TCCAAAGCCAAACAGAAACTC-3� 180 60

R 5�-CAGCATCCAGATGAACGTG-3�
NOD2 (NOD2) F 5�-GAAGTACATCCGCACCGAG-3� 174 60

R 5�-GACACCATCCATCCATGAGAAGACAG-3�
GAPDH (GAPDH) F 5�-ATGGGGAAGGTGAAGGTCGG-3� 450 55

R 5�-GGATGCTAAGCAGTTGGT-3�
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Generation of DCs

Peripheral blood mononuclear cells were isolated by density
gradient centrifugation through Ficoll-Hypaque. Cells were
washed twice with sterile PBS and transferred to 24-well tissue
culture plates coated with human IgG at a concentration of
3–5 � 105cells/ml. Following 2 h of incubation, non-adherent
cells were flushed away by extensive washing with PBS. To
obtain immature DCs, adherent monocytes were incubated in
RPMI 1640 medium containing 50 ng/ml granulocyte-macro-
phage colony-stimulating factor (GM-CSF; BD Pharmingen)
and 20 ng/ml IL-4 (BD Pharmingen) at 37 °C in 5% CO2 for 6
days. Morphology and surface phenotype of monocyte-derived
DCs were monitored by microscopy and flow cytometry.

Dendritic Cell/Epithelial Cell Co-culture

Direct System—Epithelial cell monolayers of HT29 cells (50
�l; 3–4 � 105 cells) were seeded in the Transwell filter inserts
(3-�m-diameter pores; Millipore), which were placed in
24-well plates containing 1 ml of medium. Monolayers were
maintained for 5–7 days (changing medium every other day)
until a transepithelial resistance reading of 300 ohms/cm2

(measured using a Millicell ERS volt meter; Millipore) was
achieved. Filters were turned upside down, and DCs (4 � 105)
were seeded on the filter facing the basolateral membrane of
epithelial cells for 4 h to let the cells attach to the filter. Filters
were then turned upside down again into 24-well plates. At this
point, the cells were kept in antibiotic-free medium. The Tran-
swell insert filters were either left unstimulated or stimulated
directly with OMV. Following 12 h of incubation, medium was
changed to one containing antibiotics. DCs and culture super-
natants were collected after 24 h from the bottom chamber.
DCs were detached from filters by gentle centrifugation and
analyzed by cytofluorometry for surface activation markers.
Cytokines were measured in culture supernatants by enzyme-
linked immunosorbent assay.
Indirect System—Medium from EC monolayers was

removed, and cells were washed with PBS and kept in fresh
medium without antibiotic. Some wells were stimulated with
O395 OMV from the apical surface (top chamber), and the rest
were left unstimulated as controls. After 12 h, OMVs were
washed out, and the medium was changed to one containing
antibiotics in all the wells including controls. Culture superna-
tants were collected after 12 h from the lower chamber (facing
the basolateral membrane) and used to activate DCs. DCs were
incubated for 24 h in the culture supernatant and analyzed phe-
notypically for expression of surface activation markers. Anal-
ysis of cytokines released by DCs was performed by measuring
culture supernatants before and after DC incubation.

Western Blot Analysis

OMV-incubated or unincubated epithelial cells were lysed
by lysis buffer (100 �l; 1.5 M Tris-HCl (pH 6.8), 10% SDS, 10%
glycerol, and 1% bromphenol blue). Before loading, samples
were boiled (100 °C,10 min)with �-mercaptoethanol (Sigma-
Aldrich), and then samples were subjected to SDS-PAGE with
prestained protein molecular weight markers (10 �l; Genei,
India), semidry electrotransferred (Bio-Rad) onto a nitrocellu-
lose membrane, and blocked with 5% BSA. The primary anti-

bodies used were rabbit phospho-p44/42 (ERK1/2) MAPK
monoclonal antibody, p44/p42 MAPK antibody, phospho-p38
antibody, p38 antibody, phospho-SAPK/JNK, and I�B� (1:1000
dilution; Cell SignalingTechnology) andmouse�-actin (1:5000
dilution; Sigma) in TBS-Tween 20 buffer containing 5% BSA.
Then the membrane was washed with TBS-Tween 20 followed
by incubation with alkaline phosphatase-conjugated goat anti-
rabbit immunoglobulin G (Genei) or rabbit anti-mouse immu-
noglobulinG (Genei) at 1:2000 dilutions. The alkaline phospha-
tase-positive bands were visualized in a developing solution
(1� 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazo-
lium (Genei), 1.5 mM Tris-HCl (pH 8.8), and water) in the dark
at room temperature for 10 min.

Flow Cytometry

DCs were harvested and washed three times in cold FACS
buffer (PBS, 3% FCS, and 0.02% NaN3) and then stained with
appropriate antibodies (anti-CD80, -HLA-DR, and -CD83) for
30min on ice in the dark. After proper washing, cells were fixed
in 4% paraformaldehyde and analyzed by flow cytometry with
appropriate isotype control antibodies (FACSCalibur, BD
Biosciences).

DC-T Cell Co-cultures

DCs conditioned with O395 OMV-stimulated or unstimu-
lated EC supernatant were collected after 24 h and washed
twice to remove any cytokine. Allogenic CD4�CD45RA� naïve
T cells were isolated from peripheral blood mononuclear cells
(MACS isolation system, Miltenyi Biotec, Auburn, CA). DCs
were then co-cultured with 5 � 104 freshly purified T cells in
round bottomed 96-well culture plates in a ratio of 1:5 (DC/T
cell) in the presence or absence of neutralizing antibody
IL-23p19 (10 �g/ml; eBioscience). After 5 days of culture, cells
and supernatants were collected for RNA extraction and cyto-
kine analyses, respectively.

ELISA

IL-8, GM-CSF, CCL2, CCL20, thymic stromal lymphopoi-
etin (TSLP), IL-6, IL-1�, IFN-�, IL-13, IL-4, TNF-�, and IL-17
concentrations were determined by commercially available
ELISA kits (R&D Systems).

Statistical Analysis

The data from RT-PCR, ELISA, and Western blot were
recorded as means � S.D. from at least three different experi-
ments. Comparison between two groups was analyzed by Stu-
dent’s t test. Differenceswere considered significant atp� 0.05.
The semiquantitative RT-PCR andWestern blots were quanti-
fied by using the image analysis software ImageJ. The inte-
grated density of each band was normalized to the corre-
sponding GAPDH band in the case of RT-PCR. In the case of
Western blot, the integrated density of each band was nor-
malized to the corresponding �-actin or control antibody
(unphosphorylated).

RESULTS

Proinflammatory Response Is Induced by V. cholerae O395
OMV in NOD1-dependent Manner—Recent work in our labo-
ratory has shown that cholera toxin is associated with V. chol-
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eraeO395OMVs, which are internalized into intestinal epithe-
lial cells (7).The ability of OMVs to internalize into intestinal
epithelial cells suggests direct interactionwith the host cells. To
further elucidate the mechanism of OMV-host interaction, we
evaluated the inflammatory response of epithelial cells to V.
choleraeO395 OMVs.
To investigate the inflammatory response, OMVs were iso-

lated from V. cholerae O395, and nontoxic effective doses of
OMVs were determined by the MTT assay in Int407 and
HEK293 epithelial cell lines (supplemental Fig. S1i). OMVs (50
�g/ml) were co-incubated with the intestinal epithelial cell line
Int407 for different time points (0, 2, 4, 6, 8, 12, and 24 h);
subsequently the expression of cytokines was assayed by RT-
PCR and ELISA. Int407 cells were chosen as a well recognized
model for host-V. cholerae interaction specifically for studying
the inflammatory response (5). It was observed that OMVs sig-
nificantly induced the expression of IL-8, a chemoattractant g
neutrophils, and proinflammatory GM-CSF, a strong chemoat-
tractant for neutrophils and eosinophils, as compared with non-
stimulated control cells, and mRNA expression of both IL-8 and
GM-CSF reached a maximum at 8 h and then declined at later
time points (Fig. 1A). To assess whether the mRNA level of these
cytokines correlated with protein levels, we studied the protein
expression from the same set of experiments by ELISA. Protein
expression of both IL-8 andGM-CSF reached amaximumafter12
h (Fig. 1B), suggesting that OMVs are strong inducers of the

inflammatory response in epithelial cells. Similar results were also
observed using HEK293 epithelial cells (Fig. 1,C andD).
OMVs are associated with a mixture of different PAMPs

such as LPS and peptidoglycan, and these have been shown to
elicit the host immune response to pathogenic bacteria (15, 25).
The expression of TLR4 and TLR2 is restricted in the intestinal
epithelial cells (26), and recent evidence suggests that pepti-
doglycan is sensed by intracellularly localized nod-like receptor
family proteins. NOD1 and NOD2 are well characterized PG
sensors in the cytosolic compartment that induce the innate
immune response. Thus, we evaluated NOD1 and NOD2
expression in HEK293 epithelial cells during stimulation with
OMV (supplemental Fig. S1ii). HEK293 cells were chosen as
this epithelial cell line is easy to transfect and does not express
most PRRs such as TLRs (27, 28). It was observed that cytosolic
PRRNOD1was significantly up-regulated inHEK293 epithelial
cells during OMV stimulation. In contrast, the expression of
another PRR,NOD2,was constitutive in nature andnot up-reg-
ulated upon OMV treatment (supplemental Fig. S1ii). There-
fore, we sought to investigate the production of proinflamma-
tory cytokines in response to O395 OMV stimulation in a
NOD1-dependent manner. To confirm the critical involve-
ment of NOD1 in epithelial cell activation by O395 OMVs, we
used NOD1-specific siRNA to inhibit the expression of endog-
enous NOD1.Treatment with siRNA to NOD1 markedly
down-regulated the proinflammatory cytokines IL-8 and GM-

FIGURE 1. V. cholerae OMV-induced proinflammatory response relies on NOD1. Int407 and HEK293 cells were stimulated with or without V. cholerae O395
OMV. The kinetics (0, 2, 4, 8,12, and 24 h) of IL8 and GM-CSF expression and secretion in Int407 and HEK293 cells were analyzed by RT-PCR (A and C) and ELISA
(B and D), respectively, following O395 OMV stimulation. To check NOD1-dependent cytokine expression, HEK293 cells transfected (72 h) with control (CTRL)
and NOD1 siRNAs were either left unstimulated (control) or stimulated with OMV. IL-8 and GM-CSF cytokine production was analyzed at mRNA and protein
levels by RT-PCR (E) and ELISA (F), respectively. Densitometric quantitation in densitometry units (DU) for each cytokine is shown below the representative
agarose gel sections after normalization to GAPDH. Data represent mean and S.D. (error bars) of three independent experiments performed under similar
conditions. **, p � 0.05 and *, p � 0.001 compared with cells without OMV.
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CSF at the mRNA (Fig. 1E) and protein levels (Fig. 1F) in con-
trast to cells transfected with control siRNA, indicating that
NOD1 is necessary to induce the innate immune response by
O395 OMV. To check the functional activity of NOD1,
HEK293 cells were incubated with NOD1 cognate elicitor iE-
DAP, and IL-8 and GM-CSF expression was measured at the
protein level (supplemental Fig. S1iii, A). This IL-8 and GM-
CSF response was reduced by siRNA treatment, similar to the
profile seen after infection with V. choleraeOMV (supplemen-
tal Fig. S1iii, B), showing that NOD1 function is inhibited by
specific siRNA knockdown of NOD1 transcripts. Collectively
these data indicate that O395 OMV induce the proinflamma-
tory response in a NOD1-dependent manner.
V. cholerae OMVs Activate MAPK and NF-�B Pathways in

Epithelial Cells in NOD1-dependent Manner—Previous
studies have reported that rapid MAPK activation occurs
within intestinal epithelial cells in response toV. cholerae stim-
ulation (29). Therefore, we evaluated whetherV. choleraeO395
OMV could induce NOD1-dependent MAPK phosphoryla-
tion. To clarify the association of NOD1withMAPK activation
during OMV stimulation, HEK293 cells were transfected with
either a control siRNA or a NOD1-targeting siRNA and then
stimulated withO395OMV.We performedWestern blot anal-
ysis of cell lysatewith antibodies specific for the phosphorylated
and nonphosphorylated forms of ERK1/2, p38, and JNK1/2 for
different time points. Our results demonstrated that in control
siRNA-treated cells ERK1/2 and p38 were maximally phosphor-
ylated at 45 and 30 min, respectively, during OMV stimulation
(Fig. 2,A andB). In contrast, JNK1/2 showedweak activation or
no phosphorylation in HEK293 cells during OMV stimulation

(Fig. 2C). However, parallel stimulation of siNOD1 cells
resulted in significantly reduced ERK1/2 and p38 phosphoryl-
ation at those time points, and no change was observed for
JNK1/2 phosphorylation (Fig. 2, D–F). Thus, our results
strongly suggest an involvement of NOD1 in V. cholerae O395
OMV-induced activation of the MAPK signaling pathway. To
determine whether V. cholerae OMVs activate NF-�B in
human epithelial cells in a NOD1-dependent manner, we ana-
lyzed the levels of I�B� by immunoblot. In the canonicalNF-�B
activation pathway, nuclear translocation of NF�B is preceded
by phosphorylation and subsequent degradation of I�B�. Stim-
ulation of epithelial cells with OMV caused significant degra-
dation of I�B� at 60min and later time points leading toNF-�B
activation. Degradation of I�B� was not observed when cells
were transfected with NOD1 siRNA (Fig. 2, G and H). To fur-
ther confirm the activation of theNF-�Bpathway,wemeasured
NF-�B-dependent promoter activity by using a luciferase
reporter plasmid in HEK293 cells transfected with control
siRNA or with NOD1 siRNA and stimulated with OMV. The
reporter assay for NF-�B showed that the luciferase activity
increased in response to OMV stimulation in control
siRNA-treated cells as compared with NOD1 siRNA-treated
cells (Fig. 2I). Thus, these data confirm our finding that the
NF-�B pathway as well as the MAPK pathway is activated by
OMV in a NOD1-dependent manner.
V. cholerae O395 OMVs Recruit and Activate Dendritic Cells

to Induce a Distinct Profile of Cytokine and Chemokine
Secretion—Previously we have demonstrated that TSLP, CCL2,
and CCL20 released from epithelial cells in response toV. chol-
erae infection actively influence dendritic cells in initiating the

FIGURE 2. NOD1 is required for MAPK and NF-�B activation during V. cholerae OMV stimulation. HEK293 cells transfected (72 h) with control (CTRL) and
NOD1 siRNA were left unstimulated or stimulated with V. cholerae OMV for 0, 15, 30, 45, 60, and 120 min; samples were separated by SDS-PAGE; and proteins
were blotted on PVDF membrane. The blots were probed with anti-phospho-ERK1/2 (A and D), anti-phospho-p38 (B and E), anti-phospho-JNK1/2 (C and F), and
I�B� (G and H). Normalization of the phospho-ERK1/2 (pERK1/2), phospho-p38 (p-p38), phospho-JNK1/2 (pJNK1/2), and I�B� was carried out with non-
phosphorylated ERK1/2, p38, and �-actin, respectively. These experiments were performed thrice, and the Western blots show representative data from a
single experiment. Densitometric analysis was performed with all three independent experiments. DU represents the ratio of densitometry units. Error bars
represent S.D. *, p � 0.001 compared with cells without OMV. To check NF-�B-luciferase reporter activity, HEK293 cells were transfected (72 h) with control and
NOD1 siRNAs and then transfected with NF-�B-luciferase reporter plasmid as described under “Experimental Procedures.” After an additional 24 -h incubation,
the co-transfected cells were stimulated with O395 OMV for 3 h. Luciferase activity was expressed as relative NF-�B activity (I). *, p � 0.001 compared with
control siRNA-treated cells.
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inflammatory response (24). Therefore, we examined the
potential contribution of V. cholerae OMVs in stimulating
EC-DC cross-talk. First, we examined chemokine expression in
HEK293 cells during O395 OMV stimulation as chemokines
recruit immune cells such as neutrophils, monocytes, natural
killer cells, and DCs to sites of infection and are constitutively
expressed or released during inflammation. Different chemo-
kines such as CCL2 and monocyte chemoattractant protein 1
that attract monocytes, CCL20 that recruits immature DCs,
and TSLP that activates DCs were up-regulated at both mRNA
and protein levels, respectively, during OMV stimulation (Fig.
3, A and B). Expression of these chemokines was abrogated
when cells were transfected with NOD1 siRNA (Fig. 3, C and
D). The expression of some other inflammatory chemokines
such as CCL3 (macrophage inflammatory protein MIP-1�),
CCL4 (MIP-1�), and CCL19 (MIP-3�) was not observed. Sim-
ilar proinflammatory chemokine profiles were observed at the
protein level in HEK293 cells after stimulation with iE-DAP
(supplemental Fig. S1iii, C and D).We further examined the
chemokine mRNA expression in HT29 cells, which can form a
polarized monolayer in vitro, stimulated with V. choleraeO395
OMVs. Nontoxic effective doses of OMVs were determined by
MTT assay in the HT29 cell line (supplemental Fig. S1i). As in
HEK293 cells, CCL2, CCL20, and TSLP expression was up-reg-

ulated duringOMVstimulation (50�g/ml) ofHT-29 cells (data
not shown).
We next tested whether these inflammatory mediators

recruit and activate dendrite cells because these antigen-
presenting cells are present in close contact with intestinal
epithelial cells and play an active role in bacterial handling
across mucosal surfaces (17, 18). We evaluated the quality of
DC preparation by microscopy (data not shown) and stain-
ing with fluorescently labeled DC-specific cell surface mark-
ers such as HLA-DR, CD80, and CD83 (Fig. 3E). In the direct
co-culture system, the upper Transwell chamber or the api-
cal side of the filter was seeded with HT29 ECs, and the
basolateral side of ECs was seeded with DCs and incubated
for 4 h. The apical side of the EC monolayer was then stim-
ulated with O395 OMVs for 12 h. Then DCs were detached,
and the expression of cell surface co-stimulatory molecules
HLA-DR, CD80, and CD83 was measured with flow cytom-
etry. Compared with control DCs, OMV exposed EC-DC
co-culture showed increased expression of all three surface
molecules as indicated by increased fluorescence intensity of
DCs (Fig. 3F), suggesting DC activation. In the case of indi-
rect co-culture, DC activation markers were comparable
when incubated with O395 OMV-stimulated or unstimu-
lated EC supernatants.

FIGURE 3. V. cholerae OMV activates EC to produce chemokines in NOD1-dependent manner and OMV-exposed ECs activate DCs. HEK293 cell lines were
cultured and incubated with V. cholerae O395 OMV. Total RNA was extracted, and mRNA expression of CCL2, CCL20, and TSLP chemokines was analyzed by
RT-PCR (A) for different time points (0, 2, 4, 8, 12, and 24 h) with and without OMV incubation. Under similar conditions, secretion of CCL2, CCL20, and TSLP was
evaluated by sandwich ELISA (B). To check NOD1-dependent chemokine expression, HEK293 cells transfected (72 h) with control (CTRL) or NOD1 siRNAs were
left unstimulated or stimulated with OMV. The above mentioned chemokines were analyzed at mRNA and protein levels by RT-PCR (C) and ELISA (D),
respectively. Densitometric quantitations in densitometry units (DU) for each of the chemokines are shown below the representative agarose gel sections after
normalization to GAPDH. Data represent mean and S.D. (error bars) of three independent experiments performed under similar conditions. **, p � 0.05 and
*, p � 0.001 compared with cells without OMV incubation. Shown is flow cytometric determination of surface phenotypes of DCs after staining with isotype-
matched control mAbs (black lines) or with the mAbs indicated (green lines). Cell surface expression of CD80, HLA-DR, and CD83 on unstimulated (control) DCs
(E) or cells that had been stimulated for 24 h with ECs induced with OMV (F) was assessed. The numbers in each histogram correspond to the mean fluorescence
intensity of mAb staining. The figure represents one of three independent experiments.
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Activated DCs produce proinflammatory cytokines and
chemokines, which have potential effects onCD4�Tcell polar-
ization toward either Th1, Th2, or Th17 cells. In the direct
co-culture system, proinflammatory cytokines IL-1�, IL-6, and
TNF-�were up-regulated atmRNA (Fig. 4A) and protein levels
(Fig. 4B). The OMV-stimulated EC-DC co-culture showed
enhanced production of the mRNA for the chemokines CCL17
(also known as thymus- and activation-regulated chemokine)
and CCL22 (also known as macrophage-derived chemokine)
(Fig. 4C). Thymus- and activation-regulated chemokine and
macrophage-derived chemokine preferentially attract Th2
cells.
Next we evaluated whether DCs conditioned with ECs stim-

ulated with OMVs produce IL-23 or not because it has been
reported that IL-23 positively regulates IL-17 production by
promoting Th17 cell population, survival, and expansion. We
analyzed IL-23/IL-12mRNA expression fromDCs conditioned
with ECs exposed to V. choleraeO395 OMVs. As shown in Fig.
4D, significantly increased expression of IL-23/p19 and IL-12/
IL-23p40 mRNA but not of IL-12/p35 was observed in OMV-
stimulated EC-DC co-culture. Collectively, these data show
that OMV stimulation via the intestinal epithelial barrier stim-

ulates an increase in the expression of DC surface co-stimula-
tory molecules, which are indicators of DC maturation and
induce a proinflammatory response by secreting different cyto-
kines and chemokines that activate Th2/Th17 pathways.
V. cholerae O395 OMV-exposed EC-activated DCs Skew T

Cell Priming to a Th2/Th17 Response—To further confirm
whether different inflammatory mediators (CCL17 and
CCL22) and IL-23 production can influence Th2/Th17 path-
ways, we purified naïve CD4�CD45RA� T cells from periph-
eral blood and then cultured them with DCs conditioned with
only ECs or OMV-exposed ECs for 5 days. An ELISA study
showed that stimulation of DCs with OMV-challenged ECs
suppressed the IFN-� release from the naïve T cell population
and resulted in an increased release of IL-4 and IL-13 compared
with DCs stimulated with ECs alone (Fig. 5A). Under the same
condition, IL-17 expression was confirmed by RT-PCR and
ELISA. Detection of RNA following 24 h co-culture showed
thatOMV-stimulated EC-conditionedDCs induced significant
levels of IL-17 expression (Fig. 5B) in CD4� T cells compared
with unstimulated DCs. ELISA results confirmed the secretion
of IL-17 at the protein level (Fig. 5C). The expression was
detectable at 5 days.
To study the influence of IL-23 cytokine on IL-17 expression

in this system, we co-cultured OMV-stimulated EC-condi-
tionedDCswith CD4� T cells in the presence of IL-23-neutral-
izing antibodies. It was observed that anti-IL-23p19 caused a
significant decrease in IL-17 production at both RNA and pro-
tein levels (Fig. 5, B and C).
Collectively these data demonstrated that DCs conditioned

with ECs exposed to O395 OMV could cause a shift to a clear
Th2 and Th17 response in the naïve T cell populations and that

FIGURE 4. OMV-exposed ECs modulate the production of cytokines and
chemokines from DCs. Monocyte-derived DCs were conditioned with only
HT29 ECs or OMV-exposed ECs. After 24 h of incubation, cytokine production
(IL-6, IL-1�, and TNF-�) was measured at mRNA and protein levels by RT-PCR
(A) and ELISA (B), respectively. CCL17 and CCL22 mRNA expression was eval-
uated by RT-PCR (C) in OMV-exposed EC-DC direct co-culture. Under similar
conditions, mRNA expression of IL-12/IL-23 p40, IL-23p19, and IL-12p35 was
determined by RT-PCR (D). Densitometric quantitations in densitometry units
for each cytokine and chemokine are shown below the representative aga-
rose gel sections after normalization to GAPDH. Data represent mean and S.D.
(error bars) of three independent experiments performed under similar con-
ditions. *, p � 0.001compared with DCs conditioned with only ECs.

FIGURE 5. Cytokine production by CD4� T cells co-cultured with DCs.
Monocyte-derived DCs were conditioned with only ECs or OMV-exposed ECs.
After 24 h of incubation, DCs were co-cultured with naïve CD4� T cells for 5
days, and production of T cell-derived cytokine IL-4, IL-13, and IFN-� secretion
was determined by ELISA (A). DCs were co-cultured with naïve CD4� T cells in
the presence or absence of neutralizing antibody IL-23p19, and IL-17 expres-
sion at mRNA and protein levels were evaluated by RT-PCR (B) and ELISA (C),
respectively. Densitometric quantitations in densitometry units (DU) for IL-17
cytokine are shown below the representative agarose gel sections after nor-
malization to GAPDH. Data represent mean and S.D. (error bars) of three inde-
pendent experiments performed under similar conditions. *, p � 0.001 com-
pared with T cells incubated with DCs conditioned with only ECs.
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IL-23 is themost potent cytokine involved inV. choleraeOMV-
mediated IL-17 production.

DISCUSSION

The present study demonstrates thatOMVs fromV. cholerae
O395 induce an innate immune response in intestinal epithelial
cells by activating signaling cascades that culminate in the
secretion of proinflammatory mediators including a DC-at-
tracting chemokine via aNOD1-mediated pathway.Our results
also suggest that DCs conditioned by V. choleraeOMV-treated
epithelial cells express a high level of co-stimulatory molecules
and produce proinflammatory cytokines and chemokines that
ultimately promote the Th2/Th17 inflammatory response.
Intestinal epithelial cells recognize and respond to an array of

bacterial products such as LPS, lipoprotein, PG, and flagellin
commonly referred to as PAMPs (30). We have reported previ-
ously that V. cholerae flagellin, the structural component of
flagellum, elicits a strong inflammatory response in intestinal
epithelial cell via TLR5 (6). Apart from theTLR-mediated path-
way, other pathogens such as Shigella flexneri, Escherichia coli,
Listeria monocytogenes, and H. pylori trigger a proinflamma-
tory response in epithelial cells via a NOD1-mediated pathway
(31–33). NOD1 acts as an intracellular receptor responsible for
the recognition of Gram-negative bacterial PG (14) and initi-
ates an innate immune response.OMVs released byGram-neg-
ative bacteria contain different PAMPs like PG, lipoproteins,
etc. and can deliver PG to host cytosolic NOD1 (15). Therefore,
OMVs represent a new bacterial factor by which both invasive
and noninvasive bacteria initiate inflammatory processes in
host cells. Our data suggest that V. cholerae OMVs also repre-
sent a mechanism to deliver bacterial PG to the host cytosol.
Stimulation of intestinal epithelial cells with OMVs induces a
significant inflammatory response as evidenced by production
of cytokines and chemokines that diminished when cells were
transfected with siRNA to NOD1. It has been reported that H.
pylori-, P. aeruginosa-, and N. gonorrhea-derived OMVs also
deliver PG to the cytosol and induce activation of NOD1 upon
contact with the host (15). NOD2 does not seem to be critically
involved in epithelial cell activation by OMV because RT-PCR
analysis showed very little NOD2 up-regulation in intestinal
epithelial cells upon stimulation with O395 OMV.
NOD1 has been reported to be an important regulator of

innate immune responses to bacterial pathogens or their
secreted products like OMVs (33). Although research has
mainly focused on the role of NOD1 in activating the NF-�B-
mediated proinflammatory response, in this study, we showed
for the first time that NOD1 is critical not only for NF-�B acti-
vation but also for the activation of mitogen-activated protein
kinase during stimulationwithV. choleraeOMVs.Weobserved
that V. cholerae O395 OMVs induced ERK1/2 and p38 phos-
phorylation at 45 and 30min, respectively, but that JNK1/2 was
not phosphorylated at any of the time points. In addition,
ERK1/2 and p38 phosphorylation was diminished when cells
were transfected with NOD1 siRNA. Additionally we showed
that NOD1 is required for NF-�B activation as siRNA toNOD1
inhibited I�B� degradation as well as abrogated luciferase
activity of NF-�B during V. cholerae OMV stimulation. Inci-
dentally the transcription of proinflammatory genes is induced

by the activation of NF-�B and MAPK pathways in epithelial
cells following V. cholerae infection (5, 6).
Chemokines are the major mediators of DC migration (34).

We explored the possibility that intestinal epithelial cell-de-
rived chemokines during OMV stimulation could affect imma-
ture dendritic cell migration and their subsequent maturation.
In an attempt to examine the role ofV. choleraeO395OMVs in
DC activation in a biologically relevant setting, we used an in
vitro co-culture system that essentially consisted of HT29 cells
differentiated into apical and basolateral sides co-cultured with
human blood-derived DCs in the presence of OMVs. The co-
culture system allows identification of the contribution of EC-
derived factors or bacterial products in the activation of DCs.
Two possible scenarios were implemented. In one situation,
DCs were incubated with supernatants of OMV-stimulated
ECs (indirect co-culture), whereas in the other, the interaction
of DCs with ECs and OMVs was studied directly across the
monolayer of ECs (direct co-culture). DC activation was indi-
cated by an increased number of cells expressing high levels of
the activation markers HLA-DR, CD80, and CD83. Interest-
ingly, unlike V. cholerae (24), DCs are better activated by direct
EC-DC-OMV co-culture compared with indirect co-culture
(by conditioning of EC supernatant). OMVs internalized by
ECs (7) mediate a better response in direct cell-cell interaction.
Upon activation by signals released from the microorgan-

isms or from infected tissues, human myeloid DCs undergo
maturation into T cell-stimulatory effector DCs. Various evi-
dence indicates that the nature of cytokine secretion by DCs
dictates the polarization of Th cell responses toward Th1, Th2,
or Th17. High IL-23 and IL-1� favor IL-17 production fromTh
cells (35), whereas high IL-12p70 favors IFN-�-producing Th1
cells, andDCs that do not produce IL-12 drive the development
of IL-4-producing Th2 cells (36). IL-23, a member of the IL-12
family participating in a variety of inflammatory disorders, has
been proposed to trigger IL-17 production through the induc-
tion of a novel subset of CD4� Th17 cells. It is reported that
IL-23 enhances antigen-induced activation of both Th2 cells
and Th17 cells during the effector phase of allergic airway
inflammation and thereby increases Th2 cell-mediated eosino-
phil recruitment and Th17 cell-mediated neutrophil recruit-
ment into the airways (37).Our data indicate that IL-23-specific
p19 mRNA was up-regulated as compared with IL-12-specific
p35 subunit in theDCs conditionedwith ECs exposed toOMV.
Other proinflammatory cytokines (TNF-�, IL-1�, and IL-6)
and chemokines (CCL17 and CCL22) that attract Th2-type
CD4� T cells were also detected from DCs conditioned with
ECs challenged with OMV.
IL-1� is a central orchestrator of immunity against various

classes of pathogens and a key trigger of inflammatory diseases
(38). IL-23, especially in synergy with IL-1�, plays an essential
role in the induction or expansion of Th17 cells. OMV-exposed
EC-stimulated DCs co-cultured with naïve CD4� T cells sus-
tained their differentiation toward Th17 cells as well as IL-4-
and IL-13-producing Th2 cells. Our study shows that V. chol-
erae OMV-stimulated EC-DC co-culture subsequently acti-
vates CD4� T cells and induces IL-17 production at both
mRNA and protein levels, and IL-4 and IL-13 production at the
protein level thus activates Th2/Th17 pathways. IL-17 produc-
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tion was abrogated in the presence of neutralizing IL-23p19
antibody at both mRNA and protein levels. These data indicate
that IL-23 is essential in the regulation of IL-17 production in
response to V. cholerae OMV infection. IL-17 induces the
expression of a variety of cytokines and chemokines such as
IL-6, IL-8, andGM-CSF from epithelial cells, vascular endothe-
lial cells, and fibroblasts (39, 40), resulting in the induction of
inflammation. Therefore, further study is needed to dissect the
role of Th17 cells in the V. cholerae OMV-associated inflam-
matory response.
Collectively these data indicate that OMVs elicit a strong

immunomodulatory response by the host apart from the whole
bacterium. This study represents the first report linking the
OMV of an enteric pathogen with DC activation and cytokine
production through intestinal epithelial cells in a NOD1-de-
pendent manner. Furthermore, NOD1 activation has been
linked to the induction of adaptive immune responses (41). Our
study shows that OMV-activated DCs prime CD4� T cells,
which promote Th2/Th17 pathways. Understanding themech-
anisms of O395 OMV-mediated signaling in innate and adapt-
ive immunity could provide new therapeutic approaches for
preventing V. cholerae OMV-induced inflammation and new
prospects in mucosal vaccination.
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